The crystal structures and microstructures of precipitates formed in an Mg-0.5 at%Nd alloy aged at certain temperatures ranging between 170 C and 250 C are studied in detail by high-angle annular detector dark-field scanning transmission electron microscopy. The precipitation sequence can be presented as Mg-solution ! GP-zone ! 0 (orthorhombic) ! 1 (fcc). At the early stage of aging (170 C for 2 h), fine precipitates of planar GP-zones appear in parallel to (100) m planes, with a thickness of sub-nm and a length of 5-15 nm (the subscript letter of m denotes matrix). With an advance of aging, the GP-zones increasingly grow larger and combine with the neighbours, thus making themselves further prolonged along the directions addressed above. When reaching at the top-stage of aging (170 C for 100 h), the alloy additionally allows the 0 -phase to coexist, taking the form of lens-shape with a thickness of 2-5 nm and a diameter of 5-15 nm. The 0 -phase has an orthorhombic structure (Mg 7 Nd) with a ¼ 0:64 nm, b ¼ 1:1 nm, and c ¼ 0:52 nm, which is coherently connected to the matrix. At the stage of over-aging, both the GP-zones and the 0 -phase disappear and instead coarse precipitates of the stable 1 -phase (Mg 3 Nd; fcc) are formed with particular crystallographic relations of ½001 m == ½110 p and ½110 m == ½112 p (the subscript letter of p denotes precipitate).
Introduction
The demand for magnesium (Mg)-based alloys is yearly increasing in modern industry. In particular, those containing rare earth (RE) metals have long been in the spotlight of research and development, since they can combine quite low density and remarkably high strength properties. 1) Historically, the first step in production and application of Mg-RE alloys began after works of T. E. Leontis 2, 3) around 1950, dealing with Mg-'misch metal' alloys, where mixing solutes of cerium (Ce), lanthanum (La), and neodymium (Nd) are main constituents. Above all, the solute element of Nd was found to have a primary effect on their age-hardening. In the late 60 s, Mg alloys with Y turned out to show even higher strength properties than Mg-Nd system. 4, 5) A series of these discoveries stimulated continuation of the investigations on Mg-RE alloys, especially those with combined additions of Nd, Y and some other metals. In fact, age-hardened alloys based on Mg-Y-Nd system are in current commercial use and, for examples, those designated as WE43 and WE54 are two of the most successful products, although their precipitation behaviour is still a controversial issue. [6] [7] [8] It is undoubted that conventional transmission electron microscopy (TEM) including high resolution microscopy (HRTEM) have, thus far, made a great contribution to reveal local structural and microstructural features of precipitates in various age-hardened alloys. However, these ordinary TEM techniques alone are not powerful enough for direct determination of crystal structures as well as microstructures of such extremely small substances involving coherent structural relationship to the matrix. In recent years, an alternative technique capable of imaging individual heavier elements in alloys, which is referred to as high-angle annular detector dark-field scanning transmission electron microscopy (HAADF-STEM), has demonstrated its ability to illuminate real crystal structures of various alloys. Combined technique of TEM, HRTEM and HAADF-STEM, indeed, have successfully become utilized to elucidate the precipitation behaviour of various Mg-RE alloys, e.g. Mg-Y, 9) MgGd, 10, 11) Mg-Gd-Zn, [12] [13] [14] Mg-Sm 15) and Mg-Dy 16) systems. The present microscopic study focuses on the precipitation arising from an Mg-Nd binary alloy. There are some literature dealing with this subject, but it seems that the characterization of its real precipitation behaviour has been far from completed. [17] [18] [19] The HAADF-STEM technique is, thus, expected to become efficiently utilized to solve the issue.
Experimental Procedures
An alloy with a nominal composition of 99.5 at%Mg-0.5 at%Nd was prepared by melting Mg (99.9%), Nd (99.9%) metals by induction heating under an Ar gas in a carbon crucible. The alloy was homogenized at 520 C for 2 h and then quenched immediately in water. Subsequently, the quenched alloy was divided into several parts, and the parts were subjected to aging treatments at certain temperatures ranging between 170 C and 250 C for various lengths of time. The hardening responses of these alloys upon aging at a temperature of 170 C were determined by measuring Micro-Vickers hardness number at a load of 0.1 kgf (MATSUZAWA MMT-X3). The hardness number was taken as the average of ten fairly equal values. Based on the series of data, a plot of Vickers hardness number versus aging time of logarithmic scale was made and, in addition, a standard deviation for each series of data was calculated and presented as an error bar in the plot. Specimens for TEM were cut from the as-aged alloys and thinned by mechanical polishing, and finally completed by ion-milling. HAADF-STEM as well as HRTEM images were taken by a 200 kV electron microscope (JEM-2010F), which is equipped with a field emission gun in the scanning transmission electron microscope mode, and a 400 kV electron microscope (JEM-4000EX). In HAADF-STEM observations, a beam probe with a half width of about 0.2 nm was scanned on thin specimens.
Results and Discussion

Morphological features of precipitates resulting at
different aging stages Figure 1 shows an age-hardening response of the Mg-0.5 at%Nd alloy which was solution-treated at 520 C and subsequently aged at 170 C. In this result, the alloy sample is found to have the hardness maximum recorded around 100 h and subsequently decreased with prolonged aging. On the basis of this result, in addition to three different under-aged alloys at 170 C for 30 min, 2 h and 100 h, three different over-aged alloys at 200 C for 10 h, 250 C for 2 h and 9 h, were prepared for the following microscopic investigations. Figure 2(a) shows an initial sign of Nd-segregation in the matrix: the presence of many bright and roundish contrasts with an average extension of several nm can be weakly recognized all over the matrix. By contrast, the other alloys with longer aging treatments are found to have more sharply-recognized contrasts associated with the Nd-segregation. The as-aged alloy for 2 h has many fine precipitates taking the form of liner and/or curved segments with a thickness of sub-nm and a length ranging between 5 and 15 nm. As will be detailed later, it was demonstrated by separate observations that these precipitates have a certain ordered structure of Nd atoms in the Mg-matrix, but lacking in widely-extended periodic order. They can, therefore, be regarded as a kind of GP-zones involving the atomic ordering. The precipitates of the GPzone, which appear to take the form of thin-plates, are approximately extended along the three [100] m -type directions in the Mg-lattice. Note that a triad set of arrows in With an advance of under-aging, the 0 -phase was found to become increasingly larger in size and number. These results provide the evidence that the age-hardening effect in the Mg-Nd alloy is maximized, when such a unique microstructural feature, which is characterized by a network of the long-lasting GPzones decorated by the 0 -precipitates, is prominent. Figure 3 shows a set of HAADF-STEM images obtained from the three over-aged alloys with the [001] m incidence, which were recorded with different magnifications: the asaged alloys at 200 C for 10 h (a), 250 C for 2 h (b) and 250 C for 9 h (c). Triad set of arrows in the figures, likewise, indicate the three equivalent [100] m -type directions of the Mg-matrix. In each image, there are a number of as-grown precipitates enriched by Nd atoms distributed in the matrix, having a similar morphological feature prolonged along three equivalent directions of the Mg-matrix, although they progressively grow larger by stages. It was, however, found that the precipitates resulting at the respective stages are essentially different in phase. The over-aged alloy presented by Fig. 3(a) essentially has the same constituent phases to those observed in Fig. 2(c) : the alloy still has both the GPzones and the 0 -phase coexisting in the matrix, although the latter is predominant over the former. When aged at 250 C for 2 h, the GP-zones completely disappear and instead the 0 -phase become dominant over the matrix (Fig. 3(b) ). At the final stage (Fig. 3(c) ), the third type of precipitates, which is designated as 1 , 7) replace the 0 -precipitates, having plate-shapes extended along the [100] mdirections. This will be detailed later again with Figs. 9-11. Fig. 4(a) , respectively. In Fig. 4(a) , there exist many series of bright dots, each of which corresponds to an individual atom column of Nd atoms, making the continuation of straight and/or curved lines. More specifically, these bright dots are also seen to take the form of zigzag-chains, most of which are aligned approximately along the three [100] m -type directions indicated by a triad of arrows in Fig. 4(a) . Occasionally, a hexagonal array of bright dots with its side length of 0.37 nm is also found in a few places (Fig. 4(b) ). These precipitates apparently have a certain structural order, but lacking in periodic arrangements in wide regions. Close examinations of these images make us realize that the zigzag-chains are constructed of a series of connected 'zigzag-components' of bright dots, each of which is based on a group of either 3 or 4 individual dots separated at regular intervals of 0.37 nm. According to this interpretation, the zigzag-chains spotlighted in Figs. 4(c) and 4(d) , for examples, can be described as the series of zigzag-components with 3-3-3-4 and 4-4-4 sequences in the order from top to bottom, respectively. These observations have arrowed us to directly derive the structure models of the precipitates. Figure 5 illustrates three structure models relevant to the precipitates appearing in Fig. 4 , which are presented in the , respectively. It should be noted here that assuming that one of the atomic positions present in the lattice is the origin in the figure, there are basically two different types of second nearest neighbour positions defined around the origin: one type is of a particular set of 3 positions existing on the same close-packed plane, one of which is represented by an arrow #1, and the other type is of those on the different close-packed plane represented by an arrow #2. It follows then that adjacent Nd atoms lying within every zigzag-component indicated by dotted lines are located in the second nearest neighbour positions specified by the arrow #2, while adjacent Nd atoms belonging respectively to separate zigzag-components are located in those specified by the arrow #1. As was addressed earlier, this ordering effect was only found in a short range and not activated in wide regions. It is, therefore, reasonable to claim that the precipitates, especially of the type of zigzag-chains, are regarded as the GP-zones but not any crystalline phases. -images recorded at different magnifications and, in particular, the latter reveals a contrast feature arising from the 0 -precipitate, which is enlarged from a region marked by a square in Fig. 6(a) . At this aging stage, the 0 -precipitates are found to have oval shapes with a length of 5-15 nm and a width of 2-5 nm, extending along the [210] m -type directions. In Fig. 6(b) , one can see characteristic contrast showing a parallel set of zigzag array of bright dots, which are equally distanced apart by 1.1 nm. A similar contrast feature could result from those of the other Mg-RE alloys such as Mg-Y, Mg-Gd and Mg-Dy. [9] [10] [11] 16) It has, however, proved that an essential difference exists in the structures between the MgNd and the other systems, as will be detailed below. A rectangle line indicated with letters of a and b in Fig. 6(b) corresponds to a structure unit of the 0 -phase of the Mg-Nd system. Note that the 0 -grain presented in Fig. 6 (b) has a defect region where some groups of the hexagonal arrays coexist (see the contrast feature indicated by a hexagonal line in the figure) . inverted one after another (note that black and white arrows in Fig. 7(a) indicate one zigzag array and its inversion, respectively), and the resulting structure, hereby, has an orthorhombic unit with lattice constants of a ¼ a 0 ¼ 0:64 nm, b ¼ 4 ffiffi ffi 3 p a 0 ¼ 2:28 nm and c ¼ c 0 ¼ 0:52 nm and its atomic ratio of Mg 7 RE. [9] [10] [11] 16) By contrast, the precipitate structure resulting from the Mg-Nd system (Fig. 7(b) ) is constructed of the zigzag arrays at the same intervals but without involving the inversion, and the structure unit in this case is of half the size of the above with a ¼ a 0 ¼ 0:64 nm,
52 nm and the same atomic ratio of Mg 7 Nd. Assuming that a set of the alternatingly-inverted zigzag arrays are located closer than the case in Fig. 7(a) , a periodic arrangement of the hexagonal arrays may appear, as is indicated by an arrowhead in Fig. 7(b) . Such a situation is demonstrated by the observation presented by Fig. 6(b) . It is reasonable to interpret that the precipitate in the Mg-Nd alloy increasingly develops a long range ordered state with an advance of aging, then making many groups of such zigzag-components correlated with each other to form the zigzag arrays represented by Fig. 7(b) . By contrast, the precipitate of the Mg-Sm system has an opposite situation: the structure is mainly constructed of periodic arrangement of the hexagonal arrays (see Fig. 7(c) ).
15) It is also reported that the zigzag arrays of an isolated type are sporadically found in the alloy, as indicated by a white arrow in Fig. 7(c) . Figure 8 shows an HAADF-STEM image obtained from the as-aged alloy at 200 C for 10 h, taken with the incident beam parallel to the [100] m direction. A number of precipitates enriched by Nd atoms can be recognized as bright contrasts, most of which take the form of a line segment with a thickness of sub-nm and a length of 10-20 nm parallel to the c-axis of the Mg matrix, as indicated by arrows. In addition, there exists a different type of precipitates showing a parallel set of line contrasts with an entire thickness of 10-15 nm and a length 15-30 nm, two of which are enclosed by circles in the figure. As was evident from Fig. 3(a) , this alloy has two different types of precipitate phases coexisting in the Mg matrix, that is, the GP-zones and the 0 -phase. These observations allow us to distinguish them as follows: the contrast of an isolated line segment is due to the GP-zone, while that of a parallel set of lines is to the 0 -phase. As for the latter, the interval of the parallel set of lines was estimated to be approximately 1 nm, which agrees well with the interval between the zigzag arrays which is calculated by Fig. 7(b) . In consideration of the above observations, it is undoubted that the GP-zones take the form of thin plates in parallel to both, the [100] m -type and the [001] m directions.
Typical local structural features of precipitates resulting at different over-aging stages are presented in Figures 9-11 . Figure 9 is an atomic scale HAADF-STEM image obtained from the as-aged alloy at 250 C for 2 h, taken with the incident beam parallel to the [001] m direction. This image highlights an island-shaped precipitate in the dark matrix of the Mg-lattice, which has a characteristic curving and twisting morphology with contrast features of bright dots in periodic arrangements. Apparently, the island is not composed of a single grain but rather three separate ones. Judging from the small contrast features observable, two of the grains, which are located at both ends of the island, can be identified as the 0 -phase with the two orientation variants. In between the 0 -grains, another type of grain with an apparently different contrast feature is present. In view of previous studies, 7, 12) the grain in the middle is certainly identified as the 1 -phase, which has an fcc structure with an atomic composition of Mg 3 Nd and a lattice parameter of a ¼ 0:731 nm. It appears that the 1 -grain has so grown that it acts as a piece of tile to cover the gap in between the two separate 0 -grains differing in orientation. When the alloy is excessively aged at temperatures above 200 C, the 0 -phase rapidly reduces its volume, finally replacing itself with the thermodynamically stable 1 -phase. Figure 10 shows an HAADF-STEM image obtained from the as-aged alloy at 250 C for 9 h, taken with the incident beam parallel to the [001] m direction. At this aging stage, the 1 -phase becomes dominant all over the matrix (see Fig. 3(c) ). In the middle of the images of Fig. 10 , there appears a triad of the 1 -precipitates, which are mutually related as the orientation variants, extending radially in the three [100] m -type directions. They have grown with an average thickness of 6 nm and the length over 50 nm by this aging effect. Figure 11 
Conclusions
The present microscopic investigations based on the HAADF-STEM technique have revealed the real precipitation behaviour of an Mg-0.5 at%Nd solid solution aged at certain temperatures ranging between 170 C and 250 C. The precipitation sequence can be presented as Mg-supersaturated solution ! GP-zone ! 0 (orthorhombic) ! 1 (fcc). The results are summarized as follows:
(1) The Mg-0.5 at%Nd solid solution shows an age-hardening effect under a test temperature of 170 C and has its hardness maximized (HV 81) at an aging time of 100 h. At the early stage of aging, the alloy has many fine precipitates taking the form of liner and/or curved segments with a thickness of sub-nm and a length ranging between 5 and 15 nm. In the precipitates, the Nd atoms are induced to occupy second nearest neighbour positions in the Mg lattice. This ordering effect increasingly makes the Nd-enriched atom columns aligned in the form of zigzag chains in parallel to the [100] m -type directions of the Mg-matrix, thus forming the planar GP-zones of ordered type. 
